The survival of single strains or cocktails of Salmonella, Escherichia coli O157:H7, and Listeria monocytogenes was evaluated on walnut kernels. Kernels were separately inoculated with an aqueous preparation of the pathogens at 3 to 10 log CFU/g, dried for 7 days, and then stored at 23uC for 3 weeks to more than 1 year. A rapid decrease of 1 to greater than 4 log CFU/g was observed as the inoculum dried. In some cases, the time of storage at 23uC did not influence bacterial levels, and in other cases the calculated rates of decline for Salmonella (0.05 to 0.35 log CFU/g per month) and E. coli O157:H7 (0.21 to 0.86 log CFU/g per month) overlapped and were both lower than the range of calculated declines for L. monocytogenes (1.1 to 1.3 log CFU/g per month). In a separate study, kernels were inoculated with Salmonella Enteritidis PT 30 at 4.2 log CFU/g, dried (final level, 1.9 log CFU/g), and stored at 220, 4, and 23uC for 1 year. Salmonella Enteritidis PT 30 declined at a rate of 0.10 log CFU/g per month at 23uC; storage time did not significantly affect levels on kernels stored at 220 or 4uC. These results indicate the long-term viability of Salmonella, E. coli O157:H7, and L. monocytogenes on walnut kernels and support inclusion of these organisms in hazard assessments.
Concerns about the microbiology of low-moisture foods (water activity less than 0.70) have increased in recent years (39) because of reported outbreaks of salmonellosis in a diverse array of dry foods. These outbreaks also have been linked to nuts and their products, including almonds (21), desiccated coconut (50) , and peanuts and peanut butter (10, 23) . More recently, outbreaks of Escherichia coli O157:H7 infection were associated with consumption of in-shell hazelnuts (11) and epidemiologically linked to consumption of walnut kernels (8) . In 2009 and 2010, class I recalls for pecans (19) , pistachios (45) , macadamia nuts (46) , hazelnuts (47) , pine nuts (48) , and walnuts (49) occurred because of isolation of Salmonella; walnuts were also recalled after isolation of Listeria monocytogenes (34) .
The natural prevalence of foodborne pathogens on tree nuts is largely unknown. Most published surveys have focused on indicator organisms and Salmonella. In the United Kingdom, the incidence of Salmonella on retail edible nuts and seeds was under 1%; samples included roasted nut kernels (25 g, n~727, 11 nut species) (30), processed (heat or added preservatives) nuts (25 g, n~2,886, 12 nut species) (31) , and dried seeds (25 g, n~3,735) (53) . The prevalence of Salmonella on raw almond kernels was about 1% over 8 years (100 g, n~13,972) (1, 12, 27) .
The isolation of Enterobacteriaceae from walnuts has been reported in the United States and elsewhere (14, 24, 30-32, 38, 52, 54) . Salmonella was not detected in walnut kernels (25 g, n~74 and 441) collected from retail stores in the United Kingdom (30, 31) but was detected in one prepacked mixed nut sample (25 g, n~329) that also contained walnuts (31) and from a single sample of walnut kernels in India (10 g, n~50) (38) .
The Persian or English walnut (Juglans regia L.) is the sixth most valuable fruit and tree nut crop in the United States (44) . Most of the U.S. commercial production of walnuts is grown in California (99%, 396,000 metric tons in 2009) (7) . Walnuts mature in late August to mid-November and are mechanically shaken to the orchard floor, collected by mechanical sweeping, wet-hulled, and dehydrated with forced air at temperatures under 43uC for 8 to 48 h to obtain a total moisture content of less than 8% (35, 42) . The dried in-shell walnuts are stored from 4uC to ambient temperatures before sale in the shell or further processing to kernels by removal of the shells. Shell damage is possible either in the orchard or during storage. Kernels may be exposed to aqueous contamination from irrigation or rainfall on the orchard floor before or during harvest and after harvest during the wet-hulling process. Before and after shelling, kernels may be exposed to dry contamination with dust generated during cracking.
Existing handling practices for all low-moisture foods and nuts are currently under evaluation. A recently published industry handbook for the safe processing of nuts (18) stresses the importance of scientifically based hazard analysis as the foundation of a food safety program. There are no published data on the behavior of foodborne pathogens on walnut kernels; thus, the objective of this study was to evaluate the fate of Salmonella, E. coli O157:H7, and L. monocytogenes on inoculated walnut kernels during ambient, refrigerated, and frozen storage.
MATERIALS AND METHODS
Walnut samples. Walnut kernels (variety not specified, Planter's, Kraft Foods, Glenview, IL) were purchased from a local grocery store for use in preliminary experiments. For some experiments, in-shell walnuts (J. regia L. cv. Hartley) were obtained from a San Joaquin county processor in California, and kernels were removed manually; walnut kernels (J. regia L. cv. Chandler) also were purchased from a commercial Stanislaus County (California) handler. Walnut kernels were separated by variety, placed in separate closed sterile plastic bags, and stored at 4uC for up to 2 months before use.
Bacterial cultures. E. coli K-12 was used as a pathogen substitute in experiments in which the moisture content and water activity of walnut kernels were monitored before, during, and after inoculation. The pathogens used in this study were Salmonella enterica Enteritidis PT 30 (ATCC BAA-1045), isolated from raw almonds associated with an outbreak (21); S. enterica Enteritidis PT 9c, a clinical isolate from an outbreak associated with raw almonds (9); S. enterica Anatum, isolated from an almond survey (12); S. enterica Oranienburg, isolated from pecans (provided by Dr. Larry Beuchat, University of Georgia, Griffin); S. enterica Tennessee, isolated from a patient from an outbreak associated with peanut butter (10); E. coli O157:H7 (H1730), isolated from a patient from an outbreak associated with lettuce; E. coli O157:H7 (CDC 658), isolated from a patient from an outbreak associated with cantaloupe; E. coli O157:H7 (F4546), isolated from a patient from an outbreak associated with alfalfa sprouts; E. coli O157:H7 (Odwalla strain 223), isolated from an outbreak associated with juice; E. coli O157:H7 (EC4042), isolated from a patient from an outbreak associated with spinach (26); L. monocytogenes (4b) (LJH552), isolated from tomatoes; L. monocytogenes (4b) (LCDC81-861), isolated from an outbreak associated with raw cabbage; L. monocytogenes (4b) (ScottA), isolated from a patient from an outbreak associated with milk; L. monocytogenes (1/2a) (V7), isolated from milk from an outbreak associated with milk; and L. monocytogenes (4b) (101M), isolated from beef from an outbreak associated with beef.
Many of the walnuts used in this study had high initial populations of bacteria, yeasts, and molds, which necessitated the use of antibiotic-resistant strains. A stepwise procedure (37) was used to isolate mutants of Salmonella, E. coli O157:H7, and L. monocytogenes that were able to grow in medium supplemented with either nalidixic acid (NA) or rifampin (Rif) (Sigma-Aldrich, St. Louis, MO). Unless otherwise specified, resistant cultures were used. All media (BD, Franklin Lakes, NJ) were supplemented with either NA or Rif at 50 mg/ml. The isolates were stored at 280uC in tryptic soy broth (TSB) supplemented with 15% glycerol (Fisher Scientific, Fair Lawn, NJ). No differences were observed in survival of the antibioticresistant mutants and parent strains during drying (data not shown).
Inoculum preparation. The inocula were prepared as described by Uesugi et al. (43) . The frozen stock culture was streaked onto tryptic soy agar (TSA: tryptic soy broth plus 1.5% granulated agar) and incubated at 37 ¡ 2uC for 24 ¡ 3 h. Bacteria were grown and transferred into TSB twice. The second overnight culture (1 ml) was spread over large TSA plates (150 by 15 mm) and incubated at 37 ¡ 2uC for 24 ¡ 3 h. The resulting bacterial lawn was collected by adding 9 ml of 0.1% peptone to each plate and loosening the lawn with a sterile spreader (Lazy-L Spreader, Andwin Scientific, Tryon, NC). The harvested inoculum (11 log CFU/ml) was diluted in 0.1% peptone to 2 to 10 log CFU/ml and then mixed by vortexing for 30 s to ensure uniform distribution of cells. Five-strain pathogen-specific mixtures of S. enterica, E. coli O157:H7, or L. monocytogenes were prepared by growing each strain separately and combining equal volumes. The populations in the individual and mixed inocula were determined by serial dilution in Butterfield phosphate buffer (BPB) and plating onto appropriate media as described below.
Inoculation procedures. Walnut kernels were inoculated with single strains or a mixed cocktail using a modification of the method described by Uesugi et al. (43) for almonds. The ratio of liquid inoculum to nuts was increased to 33 ml/200 g of walnuts (from 25 ml/400 g of almonds). In preliminary experiments, walnut kernels absorbed the inoculum to a greater extent than did almonds, so lower inoculum/nut ratios resulted in nonhomogeneous distribution of the inoculum (data not shown). Walnut kernels were weighed into a sterile bag, inoculum was added, and the sealed bag was shaken and gently rubbed by hand for 2 min. Inoculated kernels (200 g) were spread onto four layers of filter paper (57 by 46 cm; Qualitative P5 Grade sheets, Fisher Scientific) and placed in a lidded plastic container (leaving a 3-to 5-cm gap to allow for air exchange). Kernels were dried under ambient temperature and relative humidity (RH) conditions in the laboratory (23 to 25uC, 25 to 35% RH) until the moisture content was equivalent to that of the uninoculated kernels (approximately 7 days after inoculation). After drying, kernels were transferred into sterile plastic bags and manually mixed by shaking for 2 min.
Storage conditions. To evaluate pathogen survival on walnut kernels, inoculated and control samples were stored in unsealed plastic bags within closed plastic containers and stored at 220 or 4uC or under ambient conditions for 3 weeks to 3 years. Data loggers (TempTale 4, Sensitech Inc., Beverly, MA) were placed in each storage area to record temperature and RH.
Enumeration. For bacterial enumeration on inoculated walnuts, kernels (5 g) were added to 10 ml of a 0.1% peptone solution in a sterile filter 207-ml (7-oz) Whirl-Pak bag (Nasco, Modesto, CA) and homogenized by stomaching (Stomacher 400 Circulator, Seward Laboratory Systems Inc., Bohemia, NY) for 4 min at 230 rpm. Serial dilutions of the liquid portion of the homogenized slurry were made in BPB.
Appropriate dilutions were plated onto TSA for all organisms and also onto bismuth sulfite agar (BSA) for Salmonella Enteritidis, MacConkey sorbitol agar (SMAC) without Rif for E. coli O157:H7, and Oxford medium base with modified Oxford antimicrobic supplement (MOX) for L. monocytogenes. TSA, SMAC, and MOX plates were incubated at 37 ¡ 2uC for 24 ¡ 3 h; BSA plates were incubated at 37 ¡ 2uC for 48 ¡ 3 h. Colonies were counted, and bacterial populations were determined. The walnuts were not liquefied during stomaching; thus, the calculated CFU per milliliter of plated solution multiplied by 2 was considered to be equivalent to the CFU per gram of walnut (5 g of kernel to 10 ml of recovery liquid).
After plating, the remaining sample was enriched for use when sample results were below the limit of detection (LOD; 0.3 log CFU/g). For all pathogens, the 5-g plus 10-ml sample remaining after plating was added to 35 ml of TSB and incubated at 37uC for 24 or 48 ¡ 3 h. For Salmonella, when the BSA plate counts were below the LOD at 24 h, 0.1 ml or 10 ml of the enrichment broth was plated or streaked, respectively, onto BSA and incubated at 37uC for 24 ¡ 3 h. When the initial enrichment failed to yield colonies after 24 h, the 48-h enrichment broth also was plated on BSA. In addition, 0.1 ml of the 24-h enrichment broth was added to 10 ml of Rappaport-Vassiliadis R10 broth without Rif and incubated in a water bath at 42uC for 24 ¡ 2 h, and 1 ml of the 24-h enrichment broth was added to 10 ml of tetrathionate broth without Rif and incubated at 35uC for 24 ¡ 2 h. The secondary enrichment was streaked onto BSA, xylose lysine deoxycholate agar without Rif, and Hektoen enteric agar without Rif and incubated at 35uC for 24 ¡ 2 h. Two presumptive Salmonella colonies from each type of plate were then streaked onto slants of triple sugar iron agar without Rif and lysine iron agar without Rif and incubated at 35uC for 24 ¡ 2 h.
E. coli O157:H7 24-h enrichment broth was plated (0.1 ml) and streaked (10 ml) onto BBL CHROMagar O157 (ChromO157; BD Diagnostic Systems) and incubated at 37uC for 24 ¡ 3 h. When these plates failed to yield colonies typical of E. coli, the enrichment was incubated for an additional 24 ¡ 3 h and plated onto ChromO157. A secondary enrichment was made by transfer of 0.1 ml of the 24-h enrichment into 10 ml of brilliant green lactose bile broth without Rif (Remel, Lenexa, KS) and incubated at 35uC for 24 ¡ 2 h. Samples were observed for growth and gas formation, and 10-ml aliquots were streaked onto ChromO157 and incubated at 37uC for 24 ¡ 3 h for identification of mauve colonies typical of E. coli O157.
L. monocytogenes 24-h enrichment broth was plated (0.1 ml) and streaked (10 ml) onto MOX and incubated at 37uC for 24 ¡ 3 h. When these plates failed to yield colonies typical of L. monocytogenes, the enrichment was incubated for an additional 24 ¡ 3 h and plated onto MOX. A secondary enrichment was made by transfer of 1 ml of the 24-h enrichment to 10 ml of UVM modified Listeria enrichment broth (BD Diagnostic Systems) without Rif and incubated at 35uC for 24 ¡ 2 h. An aliquot (10 ml) of the enrichment broth was streaked onto MOX and incubated at 37uC for 24 ¡ 3 h for identification of black colonies typical of L. monocytogenes on this agar.
Moisture content and water activity of inoculated walnut kernels. For safety reasons, the nonpathogenic strain E. coli K-12 was used when determining the effect of wet inoculation on the moisture content and water activity of walnut kernels. Moisture content and water activity were compared initially for uninoculated and E. coli K-12-inoculated kernels (4 log CFU/g) that were dried on filter paper for 0 to 7 days under ambient conditions. In a subsequent study, kernels were inoculated with E. coli K-12 at three levels (2, 6, and 10 log CFU/g) and dried for 0 to 7 days to determine whether inoculum dilution influenced inoculum drying, thereby affecting kernel moisture and water activity. Uninoculated and E. coli K-12-inoculated kernels (4 log CFU/g) also were stored at 220, 4, and 23uC for up to 1 year, and moisture content and water activity were evaluated at selected intervals.
Walnut kernels (,40 g) were ground in a food processor (Waring 2.5 Qt, Pro Food Processor, Torrington, CT) and then shaken through a U.S. standard #12 testing sieve (1.7-mm openings; Fisher Scientific, Pittsburgh, PA). Sieved walnut samples (4 g) were placed in individual foil pans (0.6 by 10.2 cm), and the percent moisture was determined with a moisture analyzer (HG63 Halogen Moisture Analyzer, MettlerToledo, Columbus, OH). Water activity of the sieved samples was measured with a water activity meter (AquaLab model CX2, Decagon Devices, Pullman, WA).
Experiment design and statistical analysis. Moisture content and water activity of the inoculated and control kernels were compared during the drying and storage conditions, and the data were used to describe equilibrium moisture content before and during storage. Moisture content and water activity data were considered a covariate in describing pathogen survival. To study pathogen survival, walnut kernels were inoculated with Salmonella Enteritidis PT 30, E. coli O157:H7, or L. monocytogenes at 4 to 11 log CFU/ml. For the analysis of the effects of different storage temperatures, three separate inocula were prepared and three separate sets of kernels were inoculated, dried, and stored to reduce the variation inherent with this procedure as an influencing variable for survival during storage. Initial populations on wet-inoculated kernels and dried kernels at other sampling points throughout the study were enumerated. Six replicates were used to estimate the population at each sampling time, and three replicates were used to estimate moisture content and water activity at each sampling time. When values obtained were below the LOD but positive through enrichment, the bacterial level was analyzed as the LOD (0.3 log CFU/g). When results were negative after enrichment of the 5-g sample, the bacterial level was analyzed as 0 log CFU/g (1 CFU/g). Population decline (delta values) were compared by standardizing the initial wet-kernel level or dry-kernel level. When more than one medium was used to enumerate a bacterial population, then data from the medium that was most selective without causing bacterial cell injury was used for analysis (BSA for Salmonella and TSA for E. coli O157:H7 and L. monocytogenes). Analyses of variance, full-factorial regression models, t tests, and post hoc Tukey's honestly significant difference multiple comparison tests were performed with the JMP 8 software package (SAS Institute, Cary, NC). Differences between the mean values were considered significant at P , 0.05. Baranyi, Gompertz, and linear regression models were developed with the aid of DMFit (2, 57) and JMP 8. Rates of bacterial decline during storage were converted from log CFU per gram per day to log CFU per gram per month by multiplying by 28.
RESULTS AND DISCUSSION
Effect of inoculation on walnut kernel moisture content and water activity. The actual routes of contamination of walnut kernels with foodborne pathogens are unknown, but both wet and dry contamination routes are feasible. For this study, a wet-inoculation procedure developed for almonds (43) was adapted for walnut kernels. The moisture content and water activity of walnut kernels increased after wet inoculation. In preliminary experiments, visible mold growth was observed within 1 week during storage of inoculated walnut kernels that were dried under ambient conditions for less than 3 days. To characterize the impact of the inoculation procedure, uninoculated walnut kernels were stored in an unsealed plastic bag, and inoculated kernels were spread on filter paper under ambient conditions to dry for 7 days. Kernels inoculated at three inoculum levels (2, 6, and 10 log CFU/g) were compared. The moisture content and water activity of the uninoculated control kernels was approximately 3% and 0.4 to 0.5, respectively, over the 7-day period (Table 1) . Immediately after liquid inoculum was added, the moisture content and water activity of the inoculated kernels increased to over 10% and over 0.9, respectively. Moisture content and water activity can influence survival (6, 16, 55) and stress resistance of bacteria (17, 36) . Thus, prior to storage, the inoculated nuts were re-dried to moisture levels that were similar to the uninoculated controls. A 7-day period of drying at ambient conditions was necessary to reduce the moisture content and water activity of inoculated kernels to uninoculated levels (Table 1) .
Uesugi et al. (43) used a similar wet-inoculation procedure for almonds but included a shorter (24-h) drying period; almond moisture contents and water activities were not reported. The longer inoculum drying times needed for walnuts may be due to the greater inoculum:nut ratio used in the inoculation procedure or to inherent differences in nut composition or surface morphology. For all further experiments, after inoculation walnut kernels were dried for 7 days in a partially closed container under ambient conditions. Additional modifications to this inoculation procedure such as low-temperature oven drying may be necessary under conditions of higher ambient RH (4, 5) and would serve to mimic posthulling drying of walnuts. A dryinoculation procedure might also be more appropriate when attempting to mimic survival of pathogens after dry contamination.
Influence of inoculum level on the fate of Salmonella, E. coli O157:H7, and L. monocytogenes on walnut kernels. Inoculum level can influence survival of bacteria in some foods (15, 40, 56) . For this reason, Salmonella Enteritidis PT 30 was inoculated onto walnuts at initial wetkernel levels of 8, 6 , and 3 log CFU/g to assess the impact of inoculum level on survival. During drying, significantly greater reductions in the population of Salmonella Enteritidis occurred for the kernels inoculated at 6 and 3 log CFU/g than for those inoculated at 8 log CFU/g ( Table 2 ). The greatest reductions were observed in the first 24 h of drying (0.8-, 1.7-, and 1.4-log reductions for kernels inoculated at 8, 6, and 3 log CFU/g, respectively), which corresponded to the time of the most significant decreases in moisture content and water activity (Table 1) . For the remaining 6 days of drying, the population reduction was 0.2 log CFU/g or less for kernels of all inoculum levels. Additional reductions observed over the 21-day storage period were small (,0.5 CFU/g) and not significantly different among the kernels of the three inoculum levels. Similar results were obtained for almonds (43) ; inoculum level did not impact reductions of Salmonella Enteritidis PT 30 during long-term storage when initial dry almond levels were 8, 5, 3, and 1 log CFU/g.
The impact of inoculum level also was determined for single strains of E. coli O157:H7, L. monocytogenes, and Salmonella Enteritidis PT 30. Pathogens were separately inoculated onto walnut kernels at high (9 or 10 log CFU/g) and moderate (6 or 7 log CFU/g) levels, and kernels were dried for 7 days and then stored under ambient conditions for 49 (high) or 35 (moderate) days. For kernels at the high inoculum level, reductions during drying (1.1, 1.2, and 1.3 log CFU/g for Salmonella Enteritidis PT 30, E. coli O157:H7, and L. monocytogenes, respectively) were not significantly different among the three genera (Table 2) . At the moderate inoculum levels, reductions during drying for all three pathogens were significantly greater than those at the high inoculum level. The reduction in E. coli O157:H7 during drying (4.4 log CFU/g) was significantly greater than that for either Salmonella Enteritidis PT 30 (3.1 log CFU/g) or L. monocytogenes (2.6 log CFU/g).
In a previous study, E. coli declined (,2 log most probable number per g) during drying of inoculated unwashed walnut kernels but not on the corresponding washed kernels (24) . These reductions were attributed to the presence of water-soluble tannins in the walnut skin that were thought to be extracted during kernel washing. However, during subsequent extended storage under ambient or refrigerated conditions little difference was observed in reductions of E. coli populations on washed and unwashed kernels; reductions during storage were comparable to those observed for Salmonella in the present study. Tannin concentrations in the walnut kernel pellicle were not evaluated in the present study. Populations of Salmonella Enteritidis PT 30, E. coli O157:H7, and L. monocytogenes declined by 0.5 and 0.3, 0.3 and 1.1, and 2.2 and 1.6 log CFU/g at 49 and 35 days of ambient storage on kernels inoculated at the high and moderate levels, respectively. The reductions of Salmonella Enteritidis PT 30 and E. coli O157:H7 were significantly less than the reductions for L. monocytogenes. Walnuts are highly susceptible to lipid oxidation, and the shelf life at ambient temperature is limited to about 12 months before they become rancid (22, 35) . In the present study, the remaining stored samples inoculated with Salmonella Enteritidis PT 30 and E. coli O157:H7 were evaluated 1.5 and 3 years after inoculation. For kernels inoculated at the high level, populations of Salmonella Enteritidis PT 30 and E. coli O157:H7 declined to 7.6 and 4.2 log CFU/g, respectively, after 1.5 years of storage. After 3 years, the Salmonella Enteritidis PT 30 level was 6.5 log CFU/g; E. coli O157:H7 levels were above the LOD in four of six samples and were positive by enrichment (5 g) in the other two samples (mean, 1.1 log CFU/g). For kernels inoculated at the moderate level, populations of Salmonella Enteritidis PT 30 declined to 1.1 log CFU/g after 1.5 years. After 3 years, none of the kernels inoculated with Salmonella Enteritidis yielded colonies (,0.3 log CFU/g), but five of six 5-g enrichment samples were confirmed as positive. E. coli O157:H7 levels declined to ,0.3 log CFU/g at 1.5 and 3 years; after 3 years, none of the tested samples were positive via enrichment.
Survival of cocktails of Salmonella, E. coli O157:H7, and L. monocytogenes on walnut kernels inoculated at low levels. In the preceding experiments, wild-type strains were used. However, the natural microbial populations on uninoculated walnut kernels differed greatly among lots (data not shown) and were as high as 3.4 log CFU/g. The high background populations interfered with counting lower levels of the inoculated pathogens on nonselective media. Therefore, for all subsequent experiments, Rif-resistant isolates were used. The inclusion of 50 mg/ml Rif in TSA was sufficient to inhibit growth of background bacteria.
Cocktails of bacterial serovars often are used in challenge studies to account for the natural variability among strains (33) and were used in the present study to confirm the results obtained with single strains. Although no data on prevalence or levels of foodborne pathogens in walnuts have been published, levels are presumed to be low on the basis of studies of other tree nuts (1, 12, 27, 31) . Thus, low inoculum levels were selected. Cocktails of five strains each of S. enterica, E. coli O157:H7, and L. monocytogenes were separately inoculated onto walnut kernels at initial levels of 3.3, 2.9, and 3.8 log CFU/g, respectively (Table 3) . Both plate counts and enrichment results were used to determine the populations during 105 days of ambient storage.
During the 7-day drying period, populations of Salmonella, E. coli O157:H7, and L. monocytogenes on inoculated kernels declined by 2.7, 2.1, and 1.3 log CFU/g, respectively, to 0.61, 0.77, and 2.5 log CFU/g, respectively. The decline of L. monocytogenes during drying was significantly lower than the declines of the other two pathogens, and counts on MOX were often significantly lower than those on TSA. Up to eight colonies isolated on TSA per L. monocytogenes-inoculated replicate (n~48) per sampling day were restreaked onto MOX to confirm colony identification; all yielded colonies typical of L. monocytogenes (black and shiny). Both Salmonella and L. monocytogenes could be enumerated from all samples. Although 7 of 18 E. coli O157:H7-inoculated samples produced results below the LOD, all were positive upon primary enrichment of 5-g samples.
During storage, Salmonella, E. coli O157:H7, and L. monocytogenes could be detected on plating medium for many of the 90 samples evaluated (83, 41, and 55 samples, respectively). When counts were below the LOD, 5-g samples were positive by primary enrichment for all Salmonella samples and for all but one E. coli O157:H7 sample; this one sample was positive after secondary enrichment. For L. monocytogenes, single samples on days 84, 91, and 105 were negative after tertiary enrichment. For one sample (day 98), L. monocytogenes was identified only after incubation of the enrichment broth for 48 h.
Effect of temperature on Salmonella Enteritidis PT 30 survival. Walnuts may be stored by consumers at temperatures that range from freezing to above ambient (29); therefore, pathogen survival on walnuts at a range of temperatures should be evaluated. Salmonella Enteritidis PT 30 was inoculated at 4.2 log CFU/g; during the 7-day drying period this level declined by 2.3 log CFU/g, to 1.9 log CFU/g. After drying, kernels were transferred to plastic bags, which were placed into closed containers and stored at 220, 4, and 23uC. During the 1-year storage period, the population of Salmonella Enteritidis PT 30 on walnut kernels was significantly affected by the storage time at 23uC but not at 220 or 4uC (Fig. 1) . Populations on walnuts stored at 23uC declined by 1.4 log CFU/g after 1 year of storage and were significantly lower at all time points between 252 and 364 days of storage when compared with the levels on kernels stored at either 220 or 4uC. Similar observations on the impact of storage temperature were made for Salmonella Enteritidis PT 30 on almond kernels (43) and for Salmonella on in-shell pecans and pecan kernels (4, 5).
Effect of storage temperature on walnut kernel moisture content and water activity. Moisture content and water activity of uninoculated kernels and those inoculated with E. coli K-12 were monitored during storage at 220, 4, and 23uC. The moisture content of kernels stored at 220 and 23uC fluctuated by 2.5 and 3.3%, respectively, during 364 days; similar moisture levels were noted for both uninoculated and inoculated samples (Fig. 2) . In contrast, the moisture content of kernels stored at 4uC increased at approximately day 84 to between 3.3 and 3.9% for the duration of the study. The moisture content of kernels stored at 4uC was significantly greater than that for kernels stored at 220 or 23uC at all times from day 84 to day 364. Similar trends were observed for the water activity of the kernels (Fig. 2) . In general, water activity increased at all three storage temperatures by day 56 and beyond. For all but two time points, the water activity measured at 4uC was significantly higher than that at either 220 or 23uC from day 21 to day 364.
Differences in moisture content in tree nuts can be associated with differences in oil, protein, and carbohydrate contents (3). Kernels will absorb water when their water activity is lower than the RH of their surroundings; thus, the water activity of kernels is also subject to ambient fluctuations in RH. Monitoring both moisture content and water activity may be useful in studies involving inoculated tree nuts. On day 7 of storage in this study, the outdoor humidity was 60 to 86% RH (51), which was unusually high and could potentially explain the higher kernel water activity and moisture levels observed on that day (Fig. 2) .
Rates of decline for inoculated pathogens on walnut kernels during storage. An assessment of decline rates of bacterial pathogens in walnut kernels is necessary for risk assessment models that may be used to assist in the prediction and management of health hazards (28) . Separate survival models for each genus, inoculation level, and storage time were developed (Table 2 ). An analysis of variance was conducted for each study; when the time of storage was not significant, rates of decline were not determined. Best-fit models were chosen based on their respective R 2 values. For preliminary studies with Salmonella Enteritidis PT 30, the storage time was 21 to 49 days at 23uC. Storage time significantly influenced population in three of five cases; in the other two cases sample populations were highly variable at individual time points, and overall reduction during this short time frame was not significant.
Rates of decline were analyzed for this preliminary Salmonella Enteritidis PT 30 study (35 to 49 days) and after the same walnuts had been stored for 1.5 and 3 years. Rates of decline fell from 0.25 or 0.29 to 0.05 or 0.10 log CFU/g per month, respectively, when the later time points were included ( Table 2) . Longer term studies also were conducted with Salmonella Enteritidis PT 30 (364 days) and a Salmonella cocktail (105 days). In both cases, inoculum levels were low (kernel levels after drying were 1.9 and 0.61 log CFU/g, respectively). Time did not significantly impact populations of Salmonella Enteritidis PT 30 at 220 or 4uC 1u, number of replicates that were positive after the primary enrichment of a 5-g sample; 2u, number of replicates that were positive after the secondary enrichment; 3u, number of replicates that were positive after the tertiary enrichment. (data not shown). At 23uC, a decline rate of 0.10 log CFU/g per month was determined for Salmonella Enteritidis PT 30, but time did not significantly affect the populations of the Salmonella cocktail (Table 2 ). In the latter study, counts on BSA at all but two time points during 105 days of storage were higher than those obtained on day 0. Rates of decline for Salmonella Enteritidis PT 30 and a cocktail of Salmonella strains have been reported previously in almonds; overall calculated values for eight studies ranged from 0.16 or 0.32 log CFU/g per month under ambient conditions during 5 months to 1.5 years of storage (27) . Similar to the present study, reductions of Salmonella on almonds stored at 4 or 220uC were either not significant or considered zero for the purposes of developing a risk assessment model.
At 23uC, time significantly influenced E. coli O157:H7 levels during storage in three of five analyses; rates of decline for these studies were 0.21, 0.21, and 0.86 log CFU/g per month ( Table 2) . Rates of decline for L. monocytogenesinoculated kernels were 1.1, 1.2, and 1.3 log CFU/g per month and were consistent between the two single-strain experiments and that with a cocktail of L. monocytogenes strains. The modeled predictions suggest that on walnuts Salmonella and E. coli O157:H7 survive better than does L. monocytogenes during storage of inoculated kernels, and in some cases survival of E. coli O157:H7 and Salmonella is similar. Salmonella, E. coli O157:H7, and L. monocytogenes have been reported to survive for long periods in other dry matrices, e.g., soil, sand, chalk, and potato starch (6, 13, 20, 36) ; however, this is the first study in which survival of E. coli O157:H7 and L. monocytogenes on nuts has been evaluated.
Although lower inoculum levels are more realistic for simulating natural contamination levels for nuts (1, 12, 27) , they present experimental challenges. In several of our experiments, many sampling points (including the initial points) had counts below 25 colonies per plate. These counts are considered population estimates (41) and tend to increase sample-to-sample variability (Table 3 ), making it difficult to demonstrate that significant reductions have occurred. When counts in this study were below the LOD (2 CFU/g), 2 or 1 CFU/g was conservatively assigned to samples that were positive or negative, respectively, after enrichment of a 5-g sample. Cells incapable of producing colonies on agar may grow in enrichment broth, which may also explain why time did not significantly influence populations in some experiments. Filtering samples or most-probable-number determinations would have lowered the LOD and are options that should be considered in survival studies when populations are low.
In this study, differences in overall bacterial population reductions during initial desiccation of walnuts were When sample values were below the LOD (0.3 log CFU/g) but positive after enrichment, the bacterial level was analyzed as the LOD; when samples were negative after enrichment of a 5-g sample, the bacterial level was analyzed as 0 log CFU/g (1 CFU/g).
FIGURE 2.
Moisture content (A through C) and water activity (D through F) of uninoculated walnut kernels (solid bars) and kernels inoculated with Escherichia coli K-12 (initial level of 4 log CFU/g) (shaded bars) and stored at 220, 4, and 23uC. Time is reported as days after inoculation. Storage began on day 0 (7 days after inoculation). associated with inoculum level and genus, and reductions during storage were associated with genus and storage temperature and time. Salmonella, E. coli O157:H7, and L. monocytogenes could be detected on walnuts for several months even when initial inoculation levels were very low. With very low inoculation levels, populations of recovered bacteria are more variable because of the limitations of standard plate count methods; for this reason, microbiological studies typically employ higher inoculum levels. When using rates of decline, such as in a risk assessment, a range of rates rather than a single value should be considered as should the potential for slower rates of decline when populations are at or below the LOD. Factors that were not accounted for in this study but that may impact bacterial survival include inoculation procedure (e.g., wet or dry inoculation) and inoculum carrier (25) .
